A series of In 0.1 Sn x Zn 0.85-2x S solid solutions was synthesized by hydrothermal method and employed as photocatalyst for photocatalytic hydrogen evolution under visible light irradiation. The structures, optical properties and morphologies of the solid solutions were studied by X-ray diffraction, diffuse reflectance UV-visible spectroscopy and field emission scanning electron microscopy. From the characterizations, it was confirmed that In 0.1 Sn x Zn 0.85-2x S solid solution can be obtained and they have nano-sized particles. The highest photocatalytic activity was observed on In 0.1 Sn 0.03 Zn 0.79 S photocatalyst, with average rate of hydrogen production 3.05 mmol/h, which was 1.2 times higher than the In 0.1 Zn 0.85 S photocatalyst.
Introduction
In the past decades, considerable attention has been focused on the utilization of solar energy into chemical energy by photocatalytic production of hydrogen from water [1, 2] . Most of metal sulfides semiconductors are known to possess absorption in the visible light region. Therefore, this group of semiconductor is a promising material to develop new visible light active photocatalysts for hydrogen evolution from water. However, metal sulfides such as CdS are known for its selfphotocorrosion and Cd 2+ is harmful for the environment. Therefore, new approaches to synthesize more stable solid solution using environmentally safe metal sulfides have been increasing nowadays. One of such materials is indium-based sulfide material. The In 2 S 3 has band gap of 2.0-2.2 eV [3] and it can form solid solution with ZnS [4, 5] . Moreover, it was reported that ZnIn 2 S 4 [6, 7] , (AgIn) x Zn 2(1-x) S 2 [8] and ZnS-CuInS 2 -AgInS 2 [9] were active under visible light for photocatalytic hydrogen production from water. Recently, we reported that the addition of Sn into the Cd 0.1 Zn 0.9 S solid solution successfully increased the photocatalytic activity of the Cd 0.1 Zn 0.9 S [10] . It was found that the Cd 0.1 Sn x Zn 0.9-2x S nanoparticles with high crystallinity were obtained when they were synthesized by using hydrothermal method. In the present study, a new type of photocatalyst, i.e., In 0.1 Sn x Zn 0.85-2x S, was prepared by hydrothermal method. It was found that In 0.1 Sn x Zn 0.85-2x S showed higher photocatalytic activity than the In 0.1 Zn 0.85 S solid solution for hydrogen production under visible light irradiation.
Experimental

Synthesis of Solid Solution.
A series of In 0.1 Sn x Zn 0.85-2x S (x = 0.01, 0.03, or 0.05 mol) solid solution sample was synthesized in a similar way to the previous literatures [10, 11] . In a typical synthesis for In 0.1 Sn 0.01 Zn 0.83 S, In(NO 3 ) 2 .xH 2 O (Aldrich, 98%), SnCl 4 .5H 2 O (GCE chemicals, 98%), Zn(CH 3 COO) 2 .2H 2 O (GCE chemicals, 98%), and thioacetamide (Merck, 99%) of appropriate mol ratio were dissolved in 50 mL of distilled water and then added into an autoclave and sealed. The solution was heated in an oven at 433 K for 8 h and then cooled to room temperature naturally. The precipitates were washed with distilled water for several times and dried in vacuum at room temperature.
Characterizations. The diffraction patterns of the prepared samples were investigated by X-ray powder diffraction (XRD) using Bruker Advance D8 Siemens 5000 diffractometer, with Cu Kα radiation (λ = 0.15418 nm, 40 kV, 40 mA). The diffuse reflectance UV-visible (DR UV-Vis) spectra were recorded on a Perkin Elmer Ultraviolet-Visible Spectrometer Lambda 900. Barium sulfate (BaSO 4 ) was used as the reference. The morphologies and nanocrystal sizes of the samples were observed with field emission scanning electron microscopy (FESEM, JEOL JSM 6701F).
Photocatalytic Testing. For the photocatalytic testing, 0.2 g of the photocatalyst was dispersed in an aqueous solution (50 mL) containing 0.25 M Na 2 SO 3 and 0.35 M Na 2 S as sacrificial agents in a closed-side irradiated Pyrex cell. A 500 W halogen lamp was used as the visible light source. Hydrogen gas evolved was identified by an online system with thermal conductivity detector (TCD) gas chromatography (GC, Agilent 7890A) using Supelco 13X molecular sieves and argon carrier gas, which amount was measured by volumetric method.
Results and Discussion
Crystal Structure. Figure 1 shows the powder X-ray diffraction patterns of In 0.1 Zn 0.85 S and In 0.1 Sn x Zn 0.85-2x S (x = 0.01, 0.03, or 0.05 mol). All the diffraction peaks obtained could be indexed to cubic zinc blende phase. No other impurity peaks are observed. The intensity of diffraction peak decreased with the addition of Sn, suggesting the decrease in the crystallinity. The XRD peaks shifted to higher angle when Sn was added to the In 0.1 Zn 0.85 S solid solution. The shift suggested that solid solution was formed. At low amount, Sn atoms should be incorporated easily into the In 0.1 Zn 0.85 S lattice since Sn and Zn have similar ionic radii (0.69 and 0.74 Å, respectively), without a large lattice distortion [12] . Since only a small amount of Sn was introduced, the In 0.1 Sn x Zn 0.85-2x S solid solution can be formed. The formation of In 0.1 Sn x Zn 0.85-2x S solid solution is possible since the formation of In 2 S 3 -ZnS [4, 5] and SnS 2 -ZnS [13] solid solutions are possible.
Optical properties. In addition to the crystal structure, the optical properties of the prepared samples were also compared, as shown in Fig. 2 Particle Size and Morphology. Fig. 3 shows the FESEM images of In 0.1 Zn 0.85 S and In 0.1 Sn 0.01 Zn 0.83 S as the representative of the In 0.1 Sn x Zn 0.85-2x S samples. There was no remarkably change observed in the particle size with the addition of Sn. All samples consisted of nanospheres in the range of 30-100 nm. This result confirmed that hydrothermal method was a good method to synthesize samples in the nanosize range. The surface morphology was also remained nearly unchanged with addition of Sn. The composition of the sample was analyzed by the energy dispersive spectrometer, and it was confirmed that Sn existed in all In 0.1 Sn x Zn 0.85-2x S samples. Therefore, although not detected by XRD, Sn was believed to be dispersed well in the solid solution as also supported by elemental mapping (not shown). In order to check the stability of the solid solution samples, the sample were reused as photocatalyst. Figure 4 also shows the photocatalytic activity of the samples for the second run. Only In 0.1 Sn 0.03 Zn 0.79 S maintained its high photocatalytic activity. This result suggested the importance of using Sn with optimum amount to increase not only the photocatalytic activity but also the stability of In 0.1 Zn 0.85 S.
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Conclusions
A new type of solid solution photocatalyst, In 0.1 Sn x Zn 0.85-2x S, was successfully prepared by hydrothermal method. The addition of small amount of Sn was found to enhance the photocatalytic activity of the In 0.1 Zn 0.85 S. The best photocatalytic activity was obtained on In 0.1 Sn 0.03 Zn 0.79 S with average hydrogen production rate of 3.05 mmol/h, which was ca. 1.2 times higher than the photocatalytic activity of the In 0.1 Zn 0.85 S. The In 0.1 Sn 0.03 Zn 0.79 S also showed high stability towards long irradiation time.
